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The shield building of AP1000 was designed to protect the steel containment vessel of the
nuclear reactor. Therefore, the safety and integrity must be ensured during the plant life in
any conditions such as an earthquake. The aim of this paper is to study the effect of water
in the water tank on the response of the AP1000 shield building when subjected to three-
dimensional seismic ground acceleration. The smoothed particle hydrodynamics method
(SPH) and finite element method (FEM) coupling method is used to numerically simulate
the fluid and structure interaction (FSI) between water in the water tank and the AP1000
shield building. Then the grid convergence of FEM and SPH for the AP1000 shield building is
analyzed. Next the modal analysis of the AP1000 shield building with various water levels
(WLs) in the water tank is taken. Meanwhile, the pressure due to sloshing and oscillation of
the water in the gravity drain water tank is studied. The influences of the height of water in
the water tank on the time history of acceleration of the AP1000 shield building are dis-
cussed, as well as the distributions of amplification, acceleration, displacement, and
stresses of the AP1000 shield building. Research on the relationship between theWLs in the
water tank and the response spectrums of the structure are also taken. The results show
that the high WL in the water tank can limit the vibration of the AP1000 shield building and
can more efficiently dissipate the kinetic energy of the AP1000 shield building by fluid-
structure interaction.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
The AP1000 system is one of the most popular units among
the generation IIIþ nuclear power plants. The AP1000 system
has five key parts: nuclear island, turbine building, annex
building, diesel generator building, and radwaste building.u.cn (Q. Xu), chenjydg@d
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behaThe nuclear island is the principal part and consists of a
containment vessel, shield building, and the auxiliary build-
ing. The main function of the shield building that is currently
applied in AP1000 is to protect the containment vessel. The
schematic passive containment cooling system of AP1000 is
shown in Fig. 1.lut.edu.cn (J. Chen).
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Fig. 1 e A model of the AP1000 shield building. FEM, finite element method; PCS, principal compressive stresses; SPH,
smoothed particle hydrodynamics method.
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subject to seismic ground acceleration has received much
attention. Many studies about this aspect have been per-
formed. Zhao et al [1e3] performed some studies on the dy-
namic characteristics of the AP1000 shield building for various
water levels (WLs). However, these studies mainly paid
attention to the effects of horizontal seismic ground acceler-
ation on the water in the water tank of the shield building of
AP1000; the vertical ground motion was not considered. Choi
et al [4] performed some studies on the modal analysis
(including finite element analysis and modal test) to identify
the dynamic characteristics of the reactor internals. However,
time history analysis was not taken. Frano and Forasassi [5e7]
performed some studies on the seismic response of liquid
metal nuclear reactors. Pandey et al [8,9] did some studies on
the three-dimensional reinforced concrete nuclear contain-
ment cylindrical shell under transient dynamic loading.
Huang et al [10,11] did some studies on the nuclear power
plant (NPP) reactor building for both safe shutdown and
beyond-design-basis earthquake shaking. Manjuprasad et al
[12] did some studies on a nonlinear dynamic analysis for
reinforced concrete secondary containment shell subjected to
seismic load, considering the nonlinear characteristic of
reinforced concrete. Park et al [13] did some studies on the
seismic design considerations of isolated pool-type tanks for
the storage of nuclear spent fuel assemblies. However, these
studies did not consider the effects of the vertical ground
motion on the water in the water tank of the shield building of
AP1000.
Among these studies, the effects of vertical ground motion
on the water in the water tank and the shield building of
AP1000 were not analyzed. In fact, the shield building of
AP1000 is subject to three-dimensional seismic ground ac-
celeration. Thus, the effects of the vertical ground motion onthe responses of the water in the water tank and the shield
building of AP1000 should also be studied. However, analysis
of the influences of vertical groundmotion on the responses of
the water in the water tank and the shield building of AP1000
is difficult. The key to the problem is that vertical ground
motion will lead to complex free surfaces of the water
including splashing and fragmentation. And the solution of
those very fine flow features, which are not well suited to
Eulerian grid based flow solvers. The fluidmethodmost suited
to the problem is smoothed particle hydrodynamics (SPH).
SPH was originally developed by Gingold and Monaghan [14].
Instead of finite elements (FEs), this method uses so called
‘‘particles’’, which interact with each other via an interpola-
tion function. Because it is a Lagrangian meshless method, it
naturally allows prediction of complex splashing and frag-
menting free surface flow for the fluid. Li et al [15] used the
SPH method with the 2nd order RungeeKutta scheme for
transient fluidestructure interaction. Ni et al [16] did a study
on wave interactions using the SPH method. Prakash et al [17]
predicted the flow behavior using the SPHmethod. Gotoh et al
[18] applied the SPHmethod to sloshing processes. Some other
researchers (Ferrari et al [19]; Moulinec et al [20]; Oger et al [21];
Scolan [22]) have donemany studies on SPH to simulate fluids.
However, accurate SPH simulations require a large computa-
tional time. Thus, several mixed finite elementmethods (FEM)
and SPH methods have been proposed to use the advantages
of each method [23e26]. The FEM and SPH coupling method
has been developed and successfully applied to the fluid-
estructure interaction issue.
In this paper, the effects of the water in the water tank on
the responses of the AP1000 shield building subject to three-
dimensional seismic ground acceleration are studied. Based
on the advantage of SPH for simulating complex free surfaces
of the water including splashing and fragmentation, the SPH/
Fig. 2 e Schematic of contact pairs implementation. (A) Before adjustment. (B) After adjustment.
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between water in the water tank and the AP1000 shield
building. A dynamic analysis is performed for the AP1000
shield building subject.2. Materials and methods
2.1. SPH/FEM coupling method
2.1.1. The SPH equation of water motion
SPH is a mesh-free method. By the scattered particle in space
domain, the SPH method is used for solving fluid problems.
The core idea of the SPH method is the application of kernel
approximation interpolation of field variables. The discrete
kernel approximation of any field variable f and its gradient
vf=vxa are given by:
〈fi〉 ¼
XN
j¼1
mj
rj
fjWij; 〈 vfvxai 〉 ¼
XN
j¼1
mj
rj

fj  fi
 vWij
vxai
(1)
where the subscripts i and j denote the particle number,
respectively; a is the direction of global coordinate; N is the
number of particles adjacent to particle i;m and r are themass
and density, respectively; x is the coordinate; and W is the
smooth function. In this study we used the cubic spline kernel
proposed by Monaghan [27].
Wij ¼W

dij; hij
 ¼ ad 
8<
:
ð2=3 r2 þ 0:5r3; 0  r<1
ð2 rÞ3
.
6; 1  r<2
0; r  2
(2)
in which:
r ¼ dij

hij; dij ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
xaijx
a
ij
q
; xaij ¼ xai  xaj ; hij ¼

hi þ hj

2 (3)
where hi and hj are the smooth lengths of particles i and j,
respectively. Constant ad ensures kernel normalization; it is
equal to 15/7ph2 for two dimensional simulations and to 3/
2ph3 for three dimensional ones.
The SPH equation can be obtained using the discretized
scheme:
dxai
dt
¼ vai (4)dvai
dt
¼ ga 
XN
j¼1
mj
 
pi
r2i
þ pj
r2j
þPij
!
vWij
vxai
(5)
dri
dt
¼ ri
XN
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mj
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
vai  vaj
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vxai
(6)
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¼ 1
2
XN
j¼1
mj
 
pi
r2i
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r2j
þPij
!
vai  vaj
 vWij
vxai
(7)
where v and p are the velocity and pressure, respectively; g
and e are the gravity and internal energy per unit mass,
respectively; t is time; and Pij is the artificial viscosity, which
is adopted according to the Monaghan [28] numerical scheme:
Pij ¼
8><
>:
aQcijfij þ bQf2ij
rij
; vaijx
a
ij < 0
0; vaijx
a
ij  0
(8)
in which:
fij ¼ hijvaijxaij
.
d2ij þ 0:01h2ij

; cij ¼

ci þ cj

2; rij ¼

ri þ rj
.
2; vaij
¼ vai  vaj
(9)
where aⅡ and bⅡ are constant (in this paper, aⅡ¼1, bⅡ¼0); and c
is the velocity of adiabatic sound.
We use a simple and classical first-order scheme for inte-
gration. The time step is determined by the expression:
Dt ¼ CCFLMini

hi
ci þ vi
	
(10)
where the factor C CFL is a numerical constant.
The Gruneisen equation of state defines pressure for water
as:
p ¼
r0B
2m
h
1þ

1 g02

m a2m2
i
"
1 ðS1  1Þm S2 m2mþ1 S3 m
3
ðmþ1Þ2
#2 þ ðg0 þ amÞE (11)
where r0 is initial density; B is the intercept of the vs-vp curve;
S1, S2, and S3 are the coefficients of the slope of the vs-vp curve;
g0 is the Gruneisen gamma; and a is the first order volume
correction to g0; and m ¼ r/r01. E is initial energy.
Table 1 e Geometry for AP1000 shield building.
Geometry data
Radius of shield building (m) 22.1
Radius of water tank (m) 13.565
Wall thickness (m) 0.92
Height of shield building (m) 71
Height of water tank (m) 11.8
Reinforcement ratio of AP1000 shield building (%) 0.8
Table 2 e Materials for AP1000 shield building.
Material data
Material Concrete Reinforcement Water
Density (kg/m3) 2,400 7,800 1,000
Young's modulus(GPa) 33.5 206
Poisson's ratio 0.2 0.3
Dynamic viscosity
coefficient(N$s/m2)
0.001
The main parameters of water GRUNEISEN state equation
B 1,478
S1 1.979
S2 0
S3 0
g0 0.11
A 0
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The coupling of FEs and SPH elements is realized by using
contact algorithms where the slave part is defined with SPH
elements and the master part is defined with FEs.
Based on the law of angular momentum and momentum
conservation, the velocities and positions of the particles of
the SPH of the slave part and the nodes of the FEs of themaster
part can be adjusted. The contact pairs are implemented as
shown in Fig. 2.
The change of velocities of the particles of the SPH of the
slave part is:
Dvks ¼
dkDt
1þ R21Ms

M1 þ R22Ms

M2
(12)
The change of velocities of the nodes of FEs of the master
part is:
Dvk1 ¼ R1MsDvks

M1; Dv
k
2 ¼ R2MsDvks

M2 (13)
where Dvks , Dv
k
1, and Dv
k
2 are the changes of velocity of points
Ns, N1, and N2 in the k th iteration, respectively.Ms,M1, andM2
are themasses of SPH particles and FE nodes. R1 and R2 are the
factors of weighting of momentum. dk is the distance of
penetration in the k th iteration.
Once performed, new positions and velocities are known
for the solid boundaries and a new time step can be run for the
fluid solver.
2.1.3. Structural equation and structural material simulation
by FEM
The structural equation of motion of the AP1000 shield
building by FEM simulation, which does not contain anywater
in the water tank, can be written as:
Miai þ Civi þ Kiui ¼ fi (14)
in which:
fi ¼
Z
V
Nirb dV þ
Z
A
Nip dA (15)
where M, C, and K are mass, damp, and stiffness matrices for
the structure, respectively; a, v, and u are the acceleration,
velocity, and displacement of nodes, respectively; f is the load
of the node; and b and p are the body and surface forces. N is
the element shape function.
Rayleigh damping is used to simulate the structural
damping of the AP1000 shield building, which does not
contain any water in the gravity drain water tank. The
damping matrix C of the AP1000 shield building is defined as:
C ¼ aMþ bK (16)
in which:
a ¼ 2xu1u2
u1 þ u2; b ¼
2x
u1 þ u2 (17)
where x is the damping ratio, while u1 and u2 are the first and
second natural frequencies of the AP1000 shield building,
which does not contain any water in the gravity drain water
tank.The material parameters of reinforced concrete can be
calculated as:
Delr ¼ ð1 4ÞDelc þ 4Dels (18)
rr ¼ ð1 4Þrc þ 4rs (19)
whereDel and 4 are the elasticmatrix and reinforcement ratio,
respectively; subscripts r, c, and s denote reinforced concrete,
concrete, and steel, respectively.2.2. SPH/FEM coupling model for analysis of AP1000
shield building
2.2.1. Description of numerical models
In order to investigate the influence of fluidestructure
interaction on dynamic response, a three-dimensional SPH/
FEM coupling model of the AP1000 shield building with the
shield building, water tank, and air intake is constructed.
The material of the AP1000 shield building is concrete and
reinforced. Fig. 1 shows the geometry and SPH/FEM coupling
model of the AP1000 shield building. The FEM (8-nodes-
solid-element) is used to mesh all the components of the
AP1000 shield building except the water in the water tank,
which is simulated by SPH. Fig. 1 also shows the geometry
and mesh of the model of the AP1000 shield building. The
ratio of damping of the AP1000 shield building without any
water in the water tank is 0.005. The AP1000 shield building
is reinforced by 9 reinforcements per meter in horizontal
and vertical directions. And the diameter of these re-
inforcements is 32mm. Tables 1 and 2 show the parameters
of geometry and materials for the AP1000 shield building,
respectively.
Fig. 3 e The size of FEM for convergence analysis. FEM,
finite element method.
Fig. 5 e The FE mesh and load of AP1000 shield building
and the average distances between two particles of SPH.
FE, finite element; SPH, smoothed particle hydrodynamics
method.
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It is well known that the mesh size has a great effect on the
accuracy of numerical results. A small mesh size would lead
to better results but longer computational time and greater
computer memory space. Thus, it is necessary to find out the
acceptable mesh size due to limitations of the computer and
software.
2.2.2.1. Analysis of the size of FEM. The calculatedmodels are
adopted as the AP1000 shield building without any water in
the water tank. The FE sizes of the models shown in Fig. 3 are
0.2 m, 2 m, and 6 m, respectively. The bottom of the AP1000
shield building is under full constraints. Modal analysis is
used to analyze the convergence of the FE sizes.
As shown in Fig. 4, the errors from the 1st to the 10th natural
frequencies between the element sizes of 0.2 m and 2 m are
0.3%, 1.2%, 1.7%, 1.1%, 1.4%, 2.6%, 1.1%, 2.4%, 2.0%, and 3.2%,
respectively. The average error between the element sizes of
0.2 m and 2 m is only 1.7%. The errors from the 1st to 10th
natural frequencies between the element sizes of 0.2 m and
6m are 0.8%, 2.6%, 3.6%, 2.3%, 2.5%, 5.3%, 4.1%, 5.1%, 4.1% andFig. 4 e Influence of element size on calculation accuracy.6.5%, respectively. The average error between the element
sizes of 0.2 m and 6 m is 3.7%. Thus, it is finally decided to use
the 2 m mesh size in this analysis.
2.2.2.2. Analysis of the size of SPH. The calculated models are
adopted as the AP1000 shield building with water in the water
tank. The AP1000 shield building without any water in the
water tank is simulated by FEM and the size of the FEs is 2 m.
The water in the water tank is simulated by SPH. The volume
ratio of water to the water tank is 62.88%. The bottom of the
AP1000 shield building is also under full constraints. The
impact load is applied to the AP1000 shield building, which is
shown in Fig. 5. As shown in Fig. 5, the average initial particle
spacing of SPH particles are adopted as 1.8m, 1.4m, and 1.2m,
respectively. The time history of water pressure at monitoringFig. 6 e The time history of water pressure of the
monitoring Point A.
Fig. 7 e The five WLs in the gravity drain water tank. WL,
water level.
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the average distances between two particles of SPH.
As shown in Fig. 6, the error of maximumwater pressure of
the average initial particle spacing of particles of SPH between
1.8 m and 1.2 m is 5.3%. And that between 1.4 m and 1.2 m is
1.7%. It can be seen that the calculated results rapidly
converge with the decrease of the average distance between
two particles of SPH. Thus, it is finally decided to use 1.2 m in
this analysis in order to accurately simulate the complex free
surfaces of the water in the water tank.Fig. 8 e Modal analysis for various WLs in water tank. WL,
water level.2.2.3. Modal analysis
The AP1000 shield buildings with various WLs in the water
tank are adopted for the calculated models. Fig. 7 shows that
five status of WLs in the gravity drain water tank need to be
calculated. It represents that the volume ratios of water in the
water tank are 0%, 44.40%, 62.88%, 81.44%, and 100%, respec-
tively. The bottom of the AP1000 shield building also presents
constraints. It takes the 2 m and 1.2 mmesh sizes for FEM and
SPH, respectively. The effects of WL in the water tank on the
natural frequencies of the AP1000 shield building are
analyzed.
The effect of WL in the water tank on the first five fre-
quencies of the AP1000 nuclear island building is illustrated in
Fig. 8. As shown in Fig. 8, it can be seen that the natural fre-
quencies for various WLs decrease as the WLs increase,
especially for the first natural frequency. The decrease rate of
the natural frequency amplitude in the first, second, and fifth
frequencies is the fastest in the range of WLs 1 and 2. The
reason is that the water in the water tank adds to the mass of
the structure which leads to a natural frequency decrease
with the WLs increase.
2.2.4. Time history analysis
2.2.4.1. Description of numerical models. The calculated
models are the same as the above model. The seismic ground
accelerations and the positions of monitoring Points AeI
(located on the free surfaces of the WL-2), II (located on the
free surfaces of the WL-3), and III (located on the free surfaces
of the WL-4) are shown in Fig. 9. The seismic ground accel-
erations are applied at the bottom of the AP1000 shield
building. Besides the seismic load, the gravity is also consid-
ered. The dynamic relaxation method is used to calculate the
static response of the AP1000 shield building before dynamic
calculating. The design peak ground acceleration (PGA) in the
horizontal and vertical direction are 3 m/s2 and 2 m/s2,
respectively.3. Results and discussion
This study investigates the influences of various WLs in the
water tank on the responses of the AP1000 shield building
subjected to seismic loading. Figs. 10 and 11 describe the time
evolution of the water motion, which is described by hori-
zontal (x-, z-) and vertical (y-) displacement relative to the
ground in Euler coordinates, including the free surface
deformation and fluid sloshing at 2 s, 6 s, 10 s, 14 s, 18 s, and
22 s for variousWLs in the water tank excited by seismic load.
Figs. 10 and 11 show that the displacement of the free surface
of water becomes slight as the WLs increase steadily. They
also show that the horizontal (x-, z-) sloshing and oscillation
of the water are stronger than the vertical (y-) sloshing and
oscillation. The sloshing and oscillation of the water near the
outsidewall of thewater tank are stronger than those near the
insidewall of thewater tank. The reason for these phenomena
of water sloshing and oscillationmay be that the inside wall is
more inclined than the outside wall, which can more effi-
ciently transfer the kinetic energy into potential energy via
wave elevation.
Fig. 9 e The positions of monitoring points and seismic ground acceleration in the horizontal (x-, z-) and vertical (y-)
directions.
Fig. 10 e Time sequences of displacement relative to ground in Euler coordinate system for the water in the water tank. (A)
Horizontal (x-) direction. (B) Horizontal (z-) direction. (C) Vertical (y-) direction. (D) Time sequences of fluid sloshing
simulated by SPH. SPH, smoothed particle hydrodynamics method.
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Fig. 11 e The time history of displacement relative to ground in Euler coordinate system for Points IeIII of the free surface of
water in the water tank. (A) Horizontal (x-) direction. (B) Horizontal (z-) direction. (C) Vertical (y-) direction.
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applied to the outside wall of the gravity drain water tank
excited by seismic load, which is the sum of hydrostatic and
hydrodynamic pressure. The curves of Fig. 12 are obtained
through extracting the maximum value of the time history
curve of water pressure. The result shows that the maximum
total water pressure increases significantly as the WLs in-
crease steadily. The values of the maximum hydrodynamic
pressure applied to the outside wall are almost the same.
Because the natural frequencies of water in the water tank are
lower than the AP1000 shield building, the water in the water
tank can limit the vibration of the AP1000 shield building and
can more efficiently dissipate its kinetic energy by fluid-
estructure interaction.
Fig. 13 describes the maximum absolute acceleration and
amplification for different Points (AeH) as a function of height
of the AP1000 shield building. It is observed from Fig. 13 that
the distributions ofmaximumaccelerations and amplification
in the horizontal (x-, z-) and vertical (y-) directions are
significantly different. Fig. 13 also shows that the maximum
acceleration, especially for the vertical (y-) direction, suddenly
increase rapidly in the region between the gravity drain water
tank and air intake. The reason for the difference ofmaximum
accelerations and amplification in the horizontal (x-, z-) di-
rection is mainly that the horizontal (x-) direction describes
the radial direction but the horizontal (z-) direction describesFig. 12 e Maximum water pressure as a function of the height
total water pressure. (B) Hydrostatic pressure. (C) Maximum hythe circumferential direction and the stiffness of the region
near the air intake decreases in the radial direction more
significantly than it does in the circumferential direction. The
reason for the difference of maximum accelerations and
amplification in the horizontal and vertical directions is also
due to the different stiffness in these directions.
It can be observed from Fig. 14A that the high WL in the
water tank can effectively decrease the maximum absolute
acceleration of the AP1000 shield building. The maximum
absolute accelerations for all the monitoring points of the
AP1000 shield building decrease significantly when the WL of
the water tank increases steadily.
Fig. 15 describes the time history of absolute acceleration
for monitoring points at various heights of the AP1000 shield
building. It can be observed that the WL of the gravity drain
water tank can also effectively decrease the absolute accel-
eration, especially for the upper structure of the AP1000 shield
building. It is indicated that theWL in thewater tank has great
effects on the upper structure of the AP1000 shield building.
Fig. 16A describes the response spectrum of acceleration
for the equipment, which has a damping ratio of 0.05, used in
the AP1000 shield building. It can be observed that the seismic
ground accelerations have main influences on the pieces of
equipment, whose natural periods are approximately equal to
0.1 s (mainly in the vertical direction) or 0.3 s (mainly in the
horizontal direction). It can also be observed from Figs. 16 and(h2) of water of the gravity drain water tank. (A) Maximum
drodynamic pressure.
Fig. 13 e Maximum absolute acceleration and amplification of different points as a function of height of the AP1000 shield
building. (A) Maximum horizontal (x-) absolute acceleration. (B) Maximum horizontal (z-) absolute acceleration. (C)
Maximum vertical (y-) absolute acceleration. (D) Horizontal (x-) amplification. (E) Horizontal (z-) amplification. (F) Vertical (y-)
amplification.
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effectively decrease the response of acceleration for the
equipment of the AP1000 shield building. It is indicated that
the higher WL in the water tank can protect the equipment of
the AP1000 shield building.
Fig. 17 describes the maximum displacement relative to
ground for various monitoring points (AeH) as a function of
height of the AP1000 shield building. It is observed from Fig. 17
that the distributions of the maximum displacement in the
horizontal and vertical directions are significantly differentFig. 14 e The maximum percentage of reduction of absolute acc
among water levels 2e5. (A) The AP1000 shield building. (B) Thand the maximum displacement relative to the ground,
especially for the vertical (y-) direction, suddenly increases
rapidly in the region between the gravity drain water tank and
the air intake as the height of the AP1000 shield building in-
creases. The reason for the difference of distributions of
maximum displacement is the same as the reason above. The
maximum displacement relative to the ground for all the
points of the AP1000 shield building decrease significantly
when the WL of the water tank increases steadily. It is indi-
cated that the high WL of the gravity drain water tank caneleration for the AP1000 shield building and the equipment
e equipment of the AP1000 shield building.
Fig. 15 e The time history of absolute acceleration for the monitoring points. (A) Horizontal (x-) direction for Point A. (B)
Horizontal (z-) direction for Point A. (C) Vertical (y-) direction for Point A. (D) Horizontal (x-) direction for Point C. (E) Horizontal
(z-) direction for Point C. (F) Vertical (y-) direction for Point C. (G) Horizontal (x-) direction for Point E. (H) Horizontal (z-)
direction for Point E. (I) Vertical (y-) direction for Point E. (J) Horizontal (x-) direction for Point G. (K) Horizontal (z-) direction for
Point G. (L) Vertical (y-) direction for Point G.
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building. At present, several kinds of commercially available
expansion joints have been used in AP1000 shield buildings.
They are capable of supporting displacement up to 0.8 mrelative to the ground [29,30]. The calculated maximum
displacement relative to the ground in this paper is approxi-
mately 0.04 m, which is far less than the allowed limit. Thus
the networks are safe.
Fig. 16 e The response spectrum of acceleration for the equipment whose damping ratio¼ 0.05. (A) Horizontal (x-) direction
for Point A. (B) Horizontal (z-) direction for Point A. (C) Vertical (y-) direction for Point A. (D) Horizontal (x-) direction for Point
C. (E) Horizontal (z-) direction for Point C. (F) Vertical (y-) direction for Point C. (G) Horizontal (x-) direction for Point E. (H)
Horizontal (z-) direction for Point E. (I) Vertical (y-) direction for Point E. (J) Horizontal (x-) direction for Point G. (K) Horizontal
(z-) direction for Point G. (L) Vertical (y-) direction for Point G.
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tensile stresses (PTS), principal compressive stresses (PCS),
and Mises stresses (MS) of the AP1000 shield building. It is
observed from Fig. 18 that the distribution of maximum PTS,PCS, and MS are similar, especially for maximum PCS and MS.
The maximum PTS, PCS, and MS decrease significantly as the
WL increases due to the fluidestructure interaction dissi-
pating the seismic energy.
Fig. 17 e Maximum displacement of different points as a function of height of the AP1000 shield building. (A) Maximum
horizontal (x-) displacement relative to ground. (B) Maximum horizontal (z-) displacement relative to ground. (C) Maximum
vertical (y-) displacement relative to ground.
Fig. 18 e Maximum principal tensile stresses (PTS), principal compressive stresses (PCS), and Mises stresses (MS) of the
AP1000 shield building (Pa). (A) Maximum PTS for water level (WL)-1. (B) Maximum PCS forWL-1. (C) MaximumMS forWL-1.
(D) Maximum PTS for WL-2. (E) Maximum PCS for WL-2. (F) Maximum MS for WL-2. (G) Maximum PTS for WL-3. (H)
Maximum PCS for WL-3. (I) Maximum MS for WL-3. (J) Maximum PTS for WL-4. (K) Maximum PCS for WL-4. (L) Maximum
MS for WL-4.
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This paper performed the elastic analysis of the AP1000
shield building using the SPH/FEM coupling method to
simulate FSI effects between water and the water tank. The
following conclusions were obtained. (1) The water in the
water tank adds to the mass of the structure which leads to
a natural frequencies decrease with the WLs increase. (2)
The absolute acceleration and displacement relative to the
ground of the AP1000 shield building decrease significantly
as the WL in the water tank increases steadily due to fluid-
estructure interaction. The distributions of maximum ac-
celerations, amplification, and displacement in the
horizontal and vertical directions are significantly different
due to the different stiffness in these directions. (3) The highWL in the water tank can effectively decrease the response
of the equipment of the AP1000 shield building. (4) Because
the fluidestructure interaction dissipates the seismic energy
of the AP1000 shield building, the maximum PTS, PCS, and
MS decrease significantly as WL increases.
Indeed, a single containment vessel only is considered in
this paper. The nuclear power project is system engineering
including many buildings and equipment. In particular, the
interaction between them is complicated. Thus more studies
should be done in the future.Conflicts of interest
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